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(57) ABSTRACT

A zoom lens includes, sequentially from an enlargement
conjugate side to a reduction conjugate side: a 1st lens unit
having negative refractive power not moved during zoom-
ing; plural lens units that are moved during zooming; and a
final lens unit having positive refractive power that is not
moved during zooming. A final moving lens unit having
positive refractive power and disposed nearest to the reduc-
tion conjugate side among the plural lens units that are
moved during zooming is moved toward the enlargement
conjugate side during zooming from a wide angle end to a
telephoto end, and the final moving lens unit includes one or
more cemented lenses, and the final moving lens unit
includes one or more negative lenses and one or more
positive lenses. Predetermined conditional expressions are
satisfied to maintain wide angle of view and high image
quality along the entire zoom range.
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1
ZOOM LENS AND IMAGE PROJECTION
APPARATUS INCLUDING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a zoom lens suitable as,
for example, a projector lens used for an image projection
apparatus (i.e., a projector) that enlarges and projects an
image on a screen.

2. Description of the Related Art

Various image projection apparatuses (i.e., projectors)
that use image display elements, such as liquid crystal,
enlarge and project an image in accordance with the image
display elements on a screen surface through a projection
optical system have been proposed. As a projection optical
system used for a projector, a zoom lens capable of project-
ing at various projection magnifications and projecting at a
wide view angle on a large screen from a short distance is
demanded. Further, a zoom lens having a long back focus is
demanded so that a color separation optical system, a color
synthesis optical system and the like may be disposed
between a projection optical system and image display
elements.

As a zoom lens for a projector that is capable of projecting
at a wide view angle and having a long back focus, a retro
focus type zoom lens has been proposed (U.S. Patent No.
2007/0223103 Al and Japanese Patent Application Laid-
Open No. 2003-15038). U.S. Patent No. 2007/0223103 Al
discloses a zoom lens that is capable of projecting at a wide
view angle and is constituted by 1st to 6th lens units having
negative, positive, positive, positive, negative and positive
refractive power sequentially from an enlargement conju-
gate side to a reduction conjugate side. During zooming, the
1st and the 6th lens units are not moved and the 2nd to the
5th lens units are moved.

Japanese Patent Application Laid-Open No. 2003-15038
discloses a zoom lens that is capable of projecting at a wide
view angle and is constituted by 1st to 6th lens units having
negative, positive, positive, negative, positive and positive
refractive power sequentially from an enlargement conju-
gate side to a reduction conjugate side. During zooming, the
1st, the 4th and the 6th lens units are not moved and the 2nd,
the 3rd and the 5th lens units are moved.

SUMMARY OF THE INVENTION

A zoom lens of the present invention includes, sequen-
tially from an enlargement conjugate side to a reduction
conjugate side:

a 1st lens unit having negative refractive power that is not
moved during zooming;

plural lens units that are moved during zooming; and a final
lens unit having positive refractive power that is not moved
during zooming,

wherein

a final moving lens unit disposed nearest to the reduction
conjugate side among the plural lens units that are moved
during zooming is moved toward the enlargement conjugate
side during zooming from a wide angle end to a telephoto
end with the positive refractive power, and the final moving
lens unit includes one or more cemented lenses, and the final
moving lens unit includes one or more negative lenses and
one or more positive lenses; and
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the following conditions are satisfied:
5.00<f/fiv
|nn—np|<0.080
0.0<vn—vp

where

f is a focal length of the final moving lens unit;
fw is a focal length of the zoom lens at a wide angle end;
nn and vn are an average refractive index and an average
Abbe number of a material of one negative lens that is
included in the final moving lens unit; and
np and vp are an average refractive index and an average
Abbe number of a material of one positive lens that is
included in the final moving lens unit.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are cross-sectional views of a zoom lens
at a wide angle end and at a telephoto end, respectively,
according to Example 1.

FIGS. 2A and 2B are diagrams of chromatic aberration of
magnification at the wide angle end and at the telephoto end
of Example 1.

FIG. 3 is an on-axis chromatic aberration diagram at the
wide angle end and at the telephoto end of Example 1.

FIGS. 4A and 4B are aberration diagrams at a projection
distance of 2100 mm at the wide angle end and at the
telephoto end of Example 1.

FIGS. 5A and 5B are cross-sectional views of a zoom lens
at a wide angle end and at a telephoto end, respectively,
according to Example 2.

FIGS. 6 A and 6B are diagrams of chromatic aberration of
magnification at the wide angle end and at the telephoto end
of Example 2.

FIG. 7 is an on-axis chromatic aberration diagram at the
wide angle end and at the telephoto end of Example 2.

FIGS. 8A and 8B are aberration diagrams at a projection
distance of 2100 mm at the wide angle end and at the
telephoto end of Example 2.

FIGS. 9A and 9B are cross-sectional views of a zoom lens
at a wide angle end and at a telephoto end, respectively,
according to Example 3.

FIGS. 10A and 10B are aberration diagrams of chromatic
aberration of magnification at the wide angle end and at the
telephoto end of Example 3.

FIG. 11 is an on-axis chromatic aberration diagram at the
wide angle end and at the telephoto end of Example 3.

FIGS. 12A and 12B are aberration diagrams at a projec-
tion distance of 2100 mm at the wide angle end and at the
telephoto end of Example 3.

FIG. 13 is a schematic diagram of an image projection
apparatus including a zoom lens according to any one
example of the present invention.

FIGS. 14A and 14B are optical explanatory views of
chromatic aberration.

DESCRIPTION OF THE EMBODIMENTS

It is highly desirable that a zoom lens used for a projector
projects at a wide view angle and with high quality image.
In order to provide a high quality image, it is important that
various aberrations, especially chromatic aberration, are
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appropriately corrected. In order to project at a wide view
angle and to project an image of low chromatic aberration
and high quality, it is important to properly determine a
zoom type of the zoom lens and a lens configuration of each
lens unit, e.g., a lens configuration of each lens unit that is
moved during zooming.

In accordance with the various embodiments of the pres-
ent invention a zoom lens capable of projecting at a wide
view angle with a small fluctuation in chromatic aberration
during zooming and capable of providing desirable optical
performance in an entire zooming range is disclosed.

Hereinafter, embodiments of the present invention will be
described with reference to each example of the zoom lens
illustrated in the drawings. A zoom lens of the present
invention includes, sequentially from an enlargement con-
jugate side to a reduction conjugate side, a 1st lens unit
having negative refractive power that is not moved during
zooming, plural lens units that are moved during zooming,
and a final lens unit having positive refractive power that is
not moved during zooming. The final moving lens unit
disposed nearest to the reduction conjugate side among the
plural lens units that are moved during zooming is moved
toward the enlargement conjugate side during zooming from
the wide angle end to the telephoto end with the positive
refractive power.

FIGS. 1A and 1B are cross-sectional views of lenses at a
wide angle end (i.e., a short focal length end) and at a
telephoto end (i.e., a long focal length end) of the zoom lens
of Example 1 of the present invention. FIGS. 2A and 2B are
diagrams of chromatic aberration of magnification at the
wide angle end and at the telephoto end of the zoom lens of
Example 1 of the present invention. FIG. 3 is an on-axis
chromatic aberration diagram at the wide angle end and at
the telephoto end of the zoom lens of Example 1 of the
present invention. FIGS. 4A and 4B are longitudinal aber-
ration diagrams at the wide angle end and at the telephoto
end at a projection distance of 2100 mm of the zoom lens of
Example 1 of the present invention.

FIGS. 5A and 5B are cross-sectional views of lenses at a
wide angle end and at a telephoto end of a zoom lens of
Example 2 of the present invention. FIGS. 6A and 6B are
diagrams of chromatic aberration of magnification at the
wide angle end and at the telephoto end of the zoom lens of
Example 2 of the present invention. FIG. 7 is an on-axis
chromatic aberration diagram at the wide angle end and at
the telephoto end of the zoom lens of Example 2 of the
present invention. FIGS. 8A and 8B are longitudinal aber-
ration diagrams at the wide angle end and at the telephoto
end at a projection distance of 2100 mm of the zoom lens of
Example 2 of the present invention.

FIGS. 9A and 9B are cross-sectional views of lenses at a
wide angle end and at a telephoto end of a zoom lens of
Example 3 of the present invention. FIGS. 10A and 10B are
diagrams of chromatic aberration of magnification at the
wide angle end and at the telephoto end of the zoom lens of
Example 3 of the present invention. FIG. 11 is an on-axis
chromatic aberration diagram at the wide angle end and at
the telephoto end of the zoom lens of Example 3 of the
present invention. FIGS. 12A and 12B are longitudinal
aberration diagrams at the wide angle end and at the tele-
photo end at a projection distance of 2100 mm of the zoom
lens of Example 3 of the present invention. FIG. 13 is a
schematic diagram of a main part of an image projection
apparatus which includes the zoom lens of the present
invention. FIGS. 14A and 14B are explanatory views of
correction of chromatic aberration at the wide angle end and
at the telephoto end.
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The zoom lens of each example is a projector lens (i.e., a
projection optical system) used for an image projection
apparatus (i.e., a projector). In the cross-sectional views of
the lenses, the left side corresponds to the enlargement
conjugate side (i.e., on the screen side: front) and the right
side corresponds to the reduction conjugate side (i.e., image
display elements side: back). LA denotes a zoom lens. Bi
denotes the i-th lens unit when i is the number of order of the
lens unit counted from the enlargement conjugate side. ST
denotes an aperture diaphragm. AP denotes an auxiliary
diaphragm. IE corresponds to an original image (i.e., a
projected image) on, for example, a liquid crystal panel (i.e.,
image display elements).

S denotes a screen surface. GB denotes an optical block
corresponding to prism for color separation and color syn-
thesis, an optical filter, a face plate (i.e., a parallel plate
glass), a crystal low-pass filter, an infrared cut filter and the
like. Arrows represent directions in which the lens units are
moved during zooming (i.e., movement loci) from the wide
angle end to the telephoto end. The wide angle end and the
telephoto end refer to zooming positions when the lens units
for zooming are mechanically located at both ends of the
movable range on an optical axis.

In the aberration diagram, Fno denotes an F-number and
o denotes a half field angle (degrees). In the spherical
aberration diagram, spherical aberrations regarding wave-
lengths of 470 nm, 550 nm and 620 nm are illustrated. In the
astigmatism diagram, a dotted line represents a meridional
image surface and a solid line represents a sagittal image
surface. In the distortion aberration diagram, distortion
aberration regarding a wavelength of 550 nm is illustrated.

The zoom lens of each example includes, sequentially
from the enlargement conjugate side to the reduction con-
jugate side, a 1st lens unit B1 having negative refractive
power, the auxiliary diaphragm AP, a 2nd lens unit B2
having positive refractive power and a 3rd lens unit B3
having positive refractive power which are moved during
focusing (i.e., which have a focusing function).

The zoom lens further includes a 4th lens unit B4 having
negative refractive power, a 5th lens unit BS having positive
refractive power and a 6th lens unit B6 having positive
refractive power. During zooming, the 1st lens unit B1 and
the 6th lens unit B6 are not moved. During zooming from the
wide angle end to the telephoto end, all of the 2nd lens unit
B2 to the 5th lens unit BS are moved toward the enlargement
conjugate side. The 1st lens unit B1 and the 6th lens unit B6
do not contribute to zooming and the 2nd lens unit B2 to the
5th lens unit BS are zoom lens units.

The auxiliary diaphragm AP is moved integrally with (i.e.,
on the same track of) the 2nd lens unit B2 during zooming.
The aperture diaphragm ST is moved independently from
(i.e., on a track different from those of) other lens units
during zooming.

Each example is a zoom lens used for an image projection
apparatus provided with image display elements (i.e., espe-
cially a 3-chip projector provided with a liquid crystal
display element). The zoom lens of each example may be
used as an imaging optical system for an image pick-up
apparatus in which an image pickup element is used instead
of image display elements.

The zoom lens of each example is constituted by, sequen-
tially from the enlargement conjugate side to the reduction
conjugate side, six lens units of the 1st lens unit B1 to the
6th lens unit B6 having negative, positive, positive, nega-
tive, positive and positive refractive power. During zoom-
ing, the 2nd lens unit B2 to the 5th lens unit B5 are moved.
The 5th lens unit B5 is formed by a cemented lens and is the
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final lens unit that is moved from the reduction conjugate
side to the enlargement conjugate side during zooming from
the wide angle side to the telephoto side.

FIGS. 14A and 14B are explanatory views at the wide
angle end and at the telephoto end of a light flux that passes
the 5th lens unit B5 during zooming. In FIGS. 14A and 14B,
La denotes a principal ray of an off-axis ray. Lb denotes
marginal light of an on-axis ray. h__ denotes a height of the
principal ray La from an optical axis immediately after the
emission from the 5th lens unit B5. h denotes a height of the
marginal light Lb from the optical axis immediately after the
emission from the 5th lens unit B5. At the wide angle end,
by moving the 5th lens unit B5S during zooming, as illus-
trated in FIG. 14 A, the incident height h_ of the principal ray
La of the off-axis ray passes a position separated from the
optical axis.

At the telephoto end, as illustrated in FIG. 14B, the
marginal light Lb of the on-axis ray passes a position
separated from the optical axis. In this manner, chromatic
aberration of magnification is effectively corrected at the
wide angle side and on-axis chromatic aberration is effec-
tively corrected at the telephoto side. In each example, as
described above, since the cemented lens of small refractive
power (i.e., power) is disposed in the final moving lens unit
and is moved from the reduction conjugate side to the
enlargement conjugate side during zooming from the wide
angle side to the telephoto side, chromatic aberration of
magnification and on-axis chromatic aberration are con-
trolled to be small.

In each example, the final moving lens unit which is the
5th lens unit BS has one or more cemented lenses. One or
more negative lenses and one or more positive lenses are
included in the final moving lens unit as a whole including
the cemented lenses. An average refractive index and an
average Abbe number of a material of one negative lens
included in the final moving lens unit are respectively set to
nn and vn. An average refractive index and an average Abbe
number of a material of one positive lens included in the
final moving lens unit are respectively set to np and vp. A
focal length of the final moving lens unit is set to f, and a
focal length of the entire system at the wide angle end is set
to fw. Then, the following conditional expressions are sat-
isfied:

5.00<f/fiw M

lnn—-np|<0.080 @

0.0<vn—vp

3

provided that the Abbe number is defined as v=(Nd-1)/(NF-
NC), where a refractive index for C-line is denoted by NC,
a refractive index for d-line is denoted by Nd, and a
refractive index for F-line is denoted by NF.

Next, technical meaning of the above-described condi-
tional expressions (1) to (3) will be described. The condi-
tional expression (1) is provided to properly set the power of
the cemented lenses which constitute the 5th lens unit B5,
desirably correct chromatic aberration of magnification and
on-axis chromatic aberration in the total zooming area, and
reduce an aberration fluctuation during zooming.

If the lower limit of the conditional expression (1) is
exceeded, the power of the cemented lenses becomes exces-
sively large and fluctuations in various aberrations other
than the chromatic aberration during zooming become
larger. By satisfying the conditional expression (1), the
fluctuation in chromatic aberration during zooming may be
reduced in the total zooming area. In a case in which the
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cemented lenses are formed by a combination of two general
glass materials having different refractive indices, since
various aberrations other than chromatic aberration is fluc-
tuated on a cemented lens surface (i.e., a degree of freedom
decreases), there is a possibility that correction of the
various aberrations other than chromatic aberration is insuf-
ficient.

Generally, the fluctuations in the various aberrations may
be reduced by further increasing the number of lens units
that are moved during zooming. In that case, however, the
size of the lens system is increased.

The conditional expression (2) is provided to effectively
perform chromatic aberration on the cemented lens by
constituting at least one cemented lens by two glass mate-
rials having similar refractive indices. If the conditional
expression (2) is not satisfied, it becomes difficult to effec-
tively correct chromatic aberration. Note that there are two
or more cemented lenses that satisfy the conditional expres-
sion (2).

The conditional expression (3) is provided to effectively
perform chromatic aberration with the cemented lenses
which constitute the 5th lens unit B5. Generally, in a retro
focus type optical system, chromatic aberration of magni-
fication and on-axis chromatic aberration in the blue light of
short wavelength tend to occur more over than that in the
green light. Then, it means what the blue light of short
wavelength condenses at higher position than the green light
that the chromatic aberration of magnification occurs on
over direction. And, it means what the blue light of short
wavelength condenses at deeper position in the direction of
travel of the light than the green light that on-axis chromatic
aberration occurs on over direction. For this reason, by
satisfying the conditional expression (3) in each example, to
offset chromatic aberration of magnification and on-axis
chromatic aberration in the blue light of short wavelength on
over direction, chromatic aberration on under direction is
created. By this method, chromatic aberration of the entire
lens system (entire zoom lens) is reduced. If the conditional
expression (3) is not satisfied, correction of chromatic aber-
ration becomes difficult. Note that there may be two or more
cemented lenses that satisfy the conditional expression (3).
Desirably, the numerical value ranges of the conditional
expressions (1) to (3) are set to the following ranges.

5.00</fw<20.0 (1a)

0.001<Inn-np| <0.080 (2a)

0.0<vn—vp<40.0 (3a)

More desirably, the numerical value ranges of the condi-
tional expressions (1) to (3) are set to the following ranges.

5.10</fw<10.50 (1b)

0.001<lnn-np| <0.070 (2b)

3.5<vn—vp<5.0 (3b)

If the upper limit value of the conditional expression (1b)
is exceeded, performance change during zooming becomes
excessively large, which is not desirable.

If the lower limit value of the conditional expression (2b)
is exceeded, the effect of correction of various aberrations on
the cemented surface becomes excessively small, which is
not desirable. If the upper limit value of the conditional
expression (3b) is exceeded, the chromatic aberration cor-
rection amount on the cemented surface becomes exces-
sively large, which is not desirable.
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In each example, the obtained zoom lens has the follow-
ing characteristics: even if the lens configuration is a retro
focus type configuration, chromatic aberration of magnifi-
cation and on-axis chromatic aberration are controlled to be
small in the total zooming area and optical performance is
desirable. In each example, it is further desirable that the
average Abbe number of the material of the lens included in
the final moving lens unit is set to vav. Here, it is desirable
that the following conditional expression is satisfied:

vav<40.0 (4).

The conditional expression (4) is provided to improve the
correction effect of chromatic aberration by means of
refracting more blue light on the short wavelength side by
decreasing the average Abbe number of the material of the
cemented lens and using a material having high anomalous
dispersion. If the upper limit value of the conditional expres-
sion (4) is exceeded, it becomes difficult to effectively
correct chromatic aberration of magnification and on-axis
chromatic aberration. By satisfying the conditional expres-
sion (4), it is easy to desirably correct chromatic aberration
of magnification and on-axis chromatic aberration in the
total zooming area even if the lens configuration is a retro
focus type configuration. Desirably, the upper limit value of
the conditional expression (4) is set to the following range.

15.0<vav<40.0 (4a)

More desirably, the upper limit value of the conditional
expression (4) is set to the following range.

15.0<vav<35.0 (b)

When the final lens unit is constituted by a cemented lens
in which a negative lens and a positive lens are cemented
together and the refractive power of the cemented lens
surface of the cemented lens is set to ¢a, it is desirable that
the following conditional expression is satisfied:

0.000<pa/fw<0.001 )

If the upper limit value of the conditional expression (5)
is exceeded, chromatic aberration of magnification is over-
corrected. If the lower limit value of the conditional expres-
sion (5) is exceeded, chromatic aberration is undercorrected.
More desirably, the numerical value range of the conditional
expression (5) is set to the following range.

0.000001<a/fw<0.000050 (52)

Next, a desirable configuration in each example will be
described. It is desirable from the viewpoint of aberration
correction that the cemented lens which constitutes the 5th
lens unit B5S has a surface nearest to the enlargement
conjugate side that is concave shaped, a surface on which
lenses are cemented that is convex shaped toward the
enlargement conjugate side, and a surface nearest to the
reduction conjugate side that is convex shaped toward the
reduction conjugate side.

The surface nearest to the enlargement conjugate side is
concave shaped so that a ray is refracted to a direction to
separate from the optical axis. Thus, a distance of the ray
incident on surfaces after the cemented lens from the optical
axis is increased and an incidence angle (i.e., angle of
refraction) to the cemented lens surface is also increased.
The surface on which the lenses are cemented is convex
shaped toward the enlargement conjugate side, and the
surface nearest to the reduction conjugate side is convex
shaped toward the reduction conjugate side. With this con-
figuration, the rays are refracted toward the optical axis
direction so that chromatic aberration of magnification and
on-axis chromatic aberration are undercorrected. With this

10

20

25

35

40

45

50

8

configuration, it becomes easier to reduce chromatic aber-
ration of magnification and on-axis chromatic aberration.

The 1st lens unit B1 is constituted by, sequentially from
the enlargement conjugate side to the reduction conjugate
side, a negative lens .11, a negative lens .12, a negative
lens [.13 and a positive lens [.14. With this configuration, an
aberration fluctuation during focusing by the 1st lens unit B1
is reduced. The 2nd lens unit B2 is constituted by one
positive lens [.15. The 3rd lens unit B3 is constituted by one
positive lens [.16. The 4th lens unit B4 is constituted by,
sequentially from the enlargement conjugate side to the
reduction conjugate side, a negative lens [.17, a positive lens
L18, a negative lens [.19 and a positive lens [.20. The 5th
lens unit B5 is constituted by a negative lens [.21 and a
positive lens [.22.

With this configuration, an aberration fluctuation during
zooming is reduced. The 6th lens unit B6 is constituted by
one positive lens 1.23.

With the configuration described above, high optical
performance is obtained in all the zooming range. The 5th
lens unit BS is moved from the reduction conjugate side to
the enlargement conjugate side during zooming from the
wide angle side to the telephoto side. With this configura-
tion, a fluctuation in chromatic aberration during zooming is
reduced.

An image projection apparatus illustrated in FIG. 13 will
be described. In FIG. 13, the reference numeral 41 denotes
a light source. The reference numeral 42 denotes an illumi-
nation optical system which provides even illumination to
the image display elements and has a function to arrange a
polarization direction of emitted light in an arbitrary direc-
tion of P polarized light or S polarized light. The reference
numeral 43 denotes a color separation optical system which
separates light from the illumination optical system 42 into
arbitrary colors corresponding to the image display ele-
ments.

The reference numerals 47, 48 and 49 denote image
display elements which form an image consisting of reflec-
tive liquid crystal that modulates incident polarized light in
accordance with electrical signals. The reference numerals
44 and 45 denote polarized beam splitters that transmit or
reflect light in accordance with the modulation at the image
display elements 47, 48 and 49. The reference numeral 46
denotes a color synthesis optical system which synthesizes
light from the image display elements 47, 48 and 49. The
reference numeral 50 denotes a projection optical system
which projects light synthesized by the color synthesis
optical system 46 on a material on which the light is to be
projected, such as the screen 51.

The zoom lens of the present invention is used as the
projection optical system 50. With this configuration, the
obtained image projection apparatus has the following char-
acteristics: even if a change in the F-number during zooming
in the total zooming area is small, the change in various
aberrations during zooming is desirably corrected and opti-
cal performance in the entire screen is appropriately main-
tained.

Preferred embodiments of the present invention have been
described above, but the present invention is not limited to
the embodiments. Various modifications and changes may
be made without departing from the scope of the present
invention.

Next, numerical embodiments of the zoom lens of each
example will be described. Surface numbers in the lens
configuration of the numerical embodiment 1 (Table A) are
numbers sequentially given to each lens surface from the
enlargement conjugate side to the reduction conjugate side.
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r represents a radius of curvature of each lens surface and d
represents an interval (i.e., a physical interval) on the optical
axis between a lens surface 1 and a lens surface (i+1).

The interval indicated as variable in Table changes during
zooming. nd and vd each represent a refractive index and an
Abbe number with respect to a d-line of a material which
constitutes each lens. The focal length, the aperture ratio (the
F-number), the half field angle, the total lens length, the
air-equivalent back focus (BF), the zoom ratio, and the
intervals between each lens unit during zooming of the zoom
lens of the numerical embodiment are shown in (A). The
aspheric surface coefficients A, B, C . . . to G for describing
an aspheric surface shape are shown in (B).

The aspheric surface shape is expressed by the following
equation when the optical axis direction corresponds to the
X axis, a direction perpendicular to the optical axis corre-
sponds to the y axis, the light traveling direction corresponds
to the positive direction, R denotes a paraxial radius of
curvature, K denotes the conic constant, A, B, C, . . . denote
aspheric surface coefficients and E-X is set to 10~%.

x=02/R)[1+{1-(1+K) (/R 2 J+ 4y + By +Cyo+
Dy10+Eyl2+Fyl4+Gy16
Relationships between above-described each example and
the numerical values are shown in Table 1.

Numerical Embodiment 1

(A) Lens configuration
Wide angle Middle Telephoto
f (focal length) 21.78 30.71 39.20
F (aperture ratio) 2.8 2.8 2.8
Angle of view 31.0 23.1 18.5
Total lens length 166.9
BF 39.2
Zoom ratio 1.80

rl = 35.62 dl =2.50 nl =1.805 vl =254
12 = 25.53 d2 =7.59
13 = 75.80 d3 =3.00 n2 =1.531 v2 =359
r4 = 31.32 d4 =16.30
15 = -30.46 d5 =2.00 n3 =1.487 v3 =702
16 = 67.66 d6 =5.01
17 = 264.92 d7 =455 n4 = 1.806 v4 =333
18 = -56.77 d8 = variable
19 = d9 =5.03

(auxiliary diaphragm)

(AP)
r10 = 47.30 d10 = 2.35 n5 =1.487 v5 =702
rll = 55.12 d11 = variable
rl2 =50.39 d12 = 4.20 n6 =1.834 v6 =37.2
r13 =-5389.26  d13 = variable
114 = d14 = variable

(aperture diaphragm)

(8T)
rl5 = -150.01 d15 = 1.30 n7 = 1.806 v7 =333
rl6 = 18.79 d16 = 8.40 n8 =1.618 v8 =633
rl7 = -30.81 d17 =1.21
rl8 = -20.49 d18 = 1.30 n9 = 1.805 v9 =254
rl9 = -570.14 d19 = 0.52
120 = 120.54 d20 = 7.60 nl0 = 1.497 v10 = 81.5
121 = -23.89 d21 = variable
122 = -95.95 d22 =1.85 nll = 1.800 vll =29.8
123 =30.03 d23 =9.25 nl2 = 1.805 v12 =254
124 = -67.24 d24 = variable
125 = 62.41 d25 =3.70 nl3 = 1.805 v13 =254
126 = 281.63 d26 =23
127 = d27 = 30.0 nl4 = 1.516 vl4 = 64.1
128 = d28 = 1.9
129 = d29 = 17.7 nl5 = 1.805 v15 =254
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10
-continued
130 = d30 =5.0
131 = d31 =23 nl6 = 1.516 v16 = 64.1
During zooming (2100 mm) During focusing (wide angle end)
Unit Wide Unit 1200 9000
interval angle Middle  Telephoto interval mm mm
dg 3545 4.55 3.89 dé 5.25 4.70
di1 15.57  22.30 4.13 ds 34.81 36.44
d13 6.28  21.82 32.38
di14 19.39 9.65 1.50
d21 1.57 10.04 7.51
d24 1.00 10.89 29.85
(B) Aspheric surface coeflicient
13 K =0A=173E-05B = -3.17E-08 C = 2.98E-11 D = 1.09E-13
E =-1.13E-16 F = -3.59E-19 G = 6.86E-22
14 K =0A=122E-05B = -3.39E-08 C = -1.53E-11 D = 1.03E-13
E = 1.31E-15 F = -5.79E-18 G = 7.26E-21
Numerical Embodiment 2
(A) Lens configuration
Wide angle Middle Telephoto
f (focal length) 21.77 30.72 39.26
F (aperture ratio) 2.8 2.8 2.8
Angle of view 31.0 23.2 18.4
Total lens length 175.0
BF 59.4
Zoom ratio 1.80
rl = 47.15 dl =230 nl =1.805 wv1=254
12 = 25.59 d2 =11.59
13 = 80.00 d3 =3.16 n2=1531 v2=559
14 = 33.74 d4 =12.10
15 = -30.75 d5 =3.29 n3=1487 V3 =702
16 = 123.04 d6 =1.14
17 = 268.36 d7 =597 n4 =1.806 v4 =333
18 = -49.48 d8 = variable
19 = d9 =5.00
(auxiliary diaphragm)
(AP) n5=1487 v5=702
rl0 = 53.35 d10 = 3.12
rll =102.43 d11 = variable
112 = 52.02 d12 = 441 n6 =1.834 v6 =372
113 = 668.69 d13 = variable
114 = d14 = variable
(aperture diaphragm)(ST)
rl5 = -57.99 d15 = 1.30 n7 =175 v7 =276
rl6 = 20.96 d16 = 8.34 n8 =1.529 V8 =664
117 = -26.77 d17 = 1.26
rl8 = -19.01 d18 = 1.30 n9 =1.805 V9 =254
rl9 = -106.79 d19 = 0.50
120 = 253.48 d20 = 8.04 nl0 =1.497 v10 =81.5
121 = -24.99 d21 = variable
122 = -161.98 d22 =1.85 nll = 1.800 wv11 =29.8
123 = 100.00 d23 = 6.94 nl2 =1.805 wv12 =254
124 = -61.09 d24 = variable
125 = 70.40 d25 =4.23 nl3 =1.805 wv13 =254
126 = 2819.65 d26 =23
127 = d27 = 30.0 nl4 =1.516 v14 =64.1
128 = d28 = 1.9
129 = d29 = 17.7 nl5 =1.805 wv15 =254
130 = d30 =5.0
131 = d31 =23 nl6 =1.516 v16 = 64.1
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During zooming (2100 mm) During focusing (wide angle end) di3 10.48 24.00 33.80
di4 1559 7.20 0.67
Unit Wide Unit 1200 9000 d21 050  5.84 4.24
interval angle Middle  Telephoto interval mm mm d24 0.50 16.22 36.31
dg 44.15 14.88 3.90 dé 5.25 4.70 (B) Aspheric surface coeflicient
di1 1444  16.68 643 ds 3481 3644
d13 1435 2693 36.68 13 K =0 A= 166E-05 B = ~4.68E-08 C = 1.01E-10 D = ~1.40E-13
di4 1472 144 119 E = 2.48E-16 F = -5.09E-19 G = 3.63E-22
d21 100 6.03 6.32 10 14 K =0 A= 1.04E-05 B = -5.19E-08 C = 7.98E-11 D = —-1.51E-13
d24 0.50  17.20 34.65 E = 7.29E-16 F = -2.14E-18 G = 1.84E-21
(B) Aspheric surface coefficient
13 K =0 A= 179E-05 B = -4.31E-08 C = 1.90E-10 D = -7.30E-13 TABLE 1
E = 2.32E-15 F = -4.20E-18 G = 3.21E-21 15
4 K =0A=114E-05 B = -3.66E-08 C = 9.65E-11 D = —4.64E-13 CONDITIONAL EXPRESSION
E = 2.58E-15 F = -6.98E-18 G = 7.18E-21
® @ 3) @) ®
. . EXAMPLE1  10.22 0.005 44 27.6 0.000008
Numerical Embodiment 3 20 EXAMPLE2  5.28 0.005 44 27.6 0.000002
EXAMPLE3  9.18 0.069 44 29.8 0.000041
. While the present invention has been described with
(A) Lens configuration . P
reference to exemplary embodiments, it is to be understood
Wide angle Middle Telephoto 25 that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
f (focal length) 2173 30.70 39.24 accorded the broadest interpretation so as to encompass all
F (aperture ratio) 2.8 2.8 2.8 h dificati d ivalent struct d functi
Angle of view 310 231 185 such modifications and equivalent structures and functions.
This application claims the benefit of Japanese Patent
Total lens length 181.0 30 Application No. 2013-172022 filed Aug. 22, 2013, which is
BF 38.2 hereby incorporated by reference herein in its entirety.
Zoom ratio 1.80
1 =56.19 dl = 4.00 nl = 1805 vl=254 What is claimed is:
r2 = 25.59 d2 =8.20 1. A zoom lens comprising, sequentially from an enlarge-
rT3 4=_8302'0202 3431 - i '20;3 n2=1531 v2=339 35 ment conjugate side to a reduction conjugate side:
152 3178 45 = 3.00 032 1487 v3 =702 a first lens unit hgvmg negative refractive power that is
16 = 180.84 d6 =2.13 not moved during zooming;
17 = 226.61 d7 = 6.91 n4 = 1.806  v4 =333 plural lens units that are moved during zooming; and
rg = ;50'67 gg = ‘S’aor(l)able a final lens unit having positive refractive power that is
1= = D. . .
(auxiliary diaphragm) 40 not .moved during zooming,
(AP) wherein
r10 = 59.63 d10 = 3.46 n5=1487  v5=70.2 a final moving lens unit having positive refractive
rll = 18524 dl1 = variable power and disposed nearest to the reduction conju-
12 = 52.61 d12 = 4.08 n6 =1.834  v6 =372 d he plural 1 ts th d
113 = 326.80 d13 = variable gate.: side among t. e plural lens units that are move
4= d14 = variable 45 during zooming is moved toward the enlargement
(aperture diaphragm)(ST) conjugate side during zooming from a wide angle
115 =-266.18  d15=1.30 n7=1751 v7 =317 end to a telephoto end, and the final moving lens unit
16 = 18.63 d16 = 8.76 n8 = 1487 8 =704 nclud ve 1 4
17 = —28.72 dl7 - 1.33 includes one or more negative lenses and one or
18 = -19.55 d18 = 1.30 n9 = 1.805 9 =254 more positive lenses, and one negative lens of the
119 =-573.79  d19 =050 50 one or more negative lenses and one positive lens of
r20 = 130.84 d20 = 8.59 nl0 = 1497 v10 = 81.5 the one or more positive lenses are cemented with
121 =-23.31 d21 = variable h other: d
122 = -63.20 d22 = 1.85 nll = 1.686 vil = 32.0 each other; and )
123 = 76.16 d23 = 7.67 nl2 =1.755 v12 =276 the following conditions are satisfied:
124 = -53.54 d24 = variable
25 = 75.14 d25 = 4.45 n13=1.805 v13=254 55 5.00<fw
126 = —488.19  d26 = 2.3
27 = d27 = 30.0 nl4 = 1.516 v14 = 64.1
128 = d28 = 1.9 Inn—npl<0.080
29 = d29 = 17.7 nl5 = 1.805 w15 =254
130 = d30 = 5.0
Bl=w d31 =23 nl6=1516 V16 =641 0.0<vr-vp
During zooming (2100 mm) During focusing (wide angle end) Where . .
f is a focal length of the final moving lens unit;
~Unit Wide . ~Unit 1200 9000 fw is a focal length of the zoom lens at a wide angle end;
interval angle Middle  Telephoto interval mm mm . P
nn and vn are respectively an average refractive index and
d8 4594 1516 0.50 d6 5.25 470 65 an average Abbe number of a material of the one or
di1 1920 23.78 16.67 ds 34.81 3644 more negative lenses included in the final moving lens

unit; and
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np and vp are respectively an average refractive index and
an average Abbe number of a material of the one or
more positive lenses included in the final moving lens
unit,

provided that, when a refractive index for C-line is
denoted by NC, a refractive index for d-line is denoted
by Nd, and a refractive index for F-line is denoted by
NF, the Abbe number v=(Nd-1)/(NF-NC).

2. The zoom lens according to claim 1, wherein

the first lens unit has a focusing function, the plural lens
units that are moved during zooming are constituted by,
from the enlargement conjugate side to the reduction
conjugate side, a second lens unit having positive
refractive power, a third lens unit having positive
refractive power, a fourth lens unit having negative
refractive power and a fifth lens unit having positive
refractive power.

3. The zoom lens according to claim 1, wherein

a cemented lens consisting of the one negative lens and
the one positive lens has a surface on the enlargement
conjugate side that is concave shaped and a cemented
lens surface that is convex shaped toward the enlarge-
ment conjugate side and is convex shaped toward the
reduction conjugate side.

4. The zoom lens according to claim 1, wherein

when the average Abbe number of a material of all lenses
included in the final moving lens unit is set to vav, the
following conditional expression is satisfied:

vav<40.0.

5. The zoom lens according to claim 1, wherein

the final moving lens unit does not include another lens
other than a cemented lens consisting of the one
negative lens and the one positive lens.

6. The zoom lens according to claim 2, further comprising

an aperture diaphragm which moves on a track that is
different from those of other lens units during zooming
of the third lens unit toward the reduction conjugate
side.

7. The zoom lens according to claim 5, wherein,

when refractive power of the cemented lens surface of the
cemented lens of the final moving lens unit is set to ¢a,
the following conditional expression is satisfied:

0.000<¢a/fiw<0.001.
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8. An image display device, comprising:

a zoom lens; and

an image display element configured to form an original
image projected by the zoom lens

wherein the zoom lens comprising:

a first lens unit having negative refractive power that is
not moved during zooming;

plural lens units that are moved during zooming;

a final lens unit having positive refractive power that is
not moved during zooming;

wherein

a final moving lens unit having positive refractive power
and disposed nearest to the reduction conjugate side
among the plural lens units that are moved during
zooming is moved toward the enlargement conjugate
side during zooming from the wide angle end to the
telephoto end, and

the final moving lens unit includes one or more negative
lenses and one or more positive lenses and one negative
lens of the one or more negative lenses and one positive
lens of the one or more positive lenses are cemented
with each other; and

the following conditions are satisfied:
5.00<f/fw

Inn—npl<0.080
0.0<vn—vp

where

f is a focal length of the final moving lens unit;

fw is a focal length of an entire system at a wide angle
end;

nn and vn are respectively an average refractive index and
an average Abbe number of a material of the one or
more negative lenses at is included in the final move-
ment lens unit;

np and vp are respectively an average refractive index and
an average Abbe number of a material of the one or
more positive lenses included in the final moving lens
unit,

provided that, when a refractive index for C-line is
denoted by NC, a refractive index for d-line is denoted
by Nd, and a refractive index for F-line is denoted by
NF, the Abbe number v=(Nd-1)/(NF-NC).
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